Jakobshavns Glacier, a floating outlet glacier on the West Greenland coast, was surveyed during July 1976. The vertical displacements of targets along two profiles perpendicular to the fjord wall bounding the north margin of the glacier were analyzed to determine the effect of flexure caused by tidal oscillations within the fjord. An analysis based on the assumption that vertical displacements of the glacier reflected pure elastic bending yielded the conclusion that the effective thickness of the ice (i.e., the thickness which remained unaffected by surface and basal cracking and which behaved as a continuum) was ~ 160 m 2.6 km upglacier from the calving front and ~ 110 m 0.6 km from the calving front. An analysis based on the more realistic assumption that observed bending reflected elastic and viscoplastic deformation yielded the conclusion that the average effective thickness of the ice was 316 + 74 m (~40% of the estimated 800-m total thickness) 2.6 km from the calving front and 160 + 48 m (~21% of the estimated 750-m total) 0.6 km from the calving front. A constitutive relationship appropriate for hard glide during flexure was used.
INTRODUCTION
Jakobshavns is a floating outlet glacier located on the west coast of Greenland at latitude 69 ø 10'N ( Figure 1) ; it is fed by two ice streams that converge in Jakobshavns Fjord. Its discharge volume is approximately 26 km 3 a -• [Carbonnell and Bauer, 1968] , which is 11% of the estimated 240 km 3 a -• iceberg discharge volume of the Greenland Ice Sheet. Rink [1877, p. 369 ], who appears to have been the first to recognize West Greenland ice streams, suggested that flexure of floating outlet glaciers due to tide changes within the ice fjords might contribute to the formation of icebergs, which were well known among nineteenthcentury whalers as a serious hazard to navigation. More recently, Robin [1958] and Holdsworth [1969, 1977] have analyzed the problem of tidal bending of floating ice slabs and ice tongues, although in a rather different context. Hughes [1972 Hughes [ , 1975 Hughes [ , 1977 has considered the effect of tidal flexure on ice streams and outlet glaciers. Here the theory of Hughes [1977] , Copyright ¸ 1981 by the American Geophysical Union.
Paper number lB0110. 0148-0227/81/00 lB-0110501.00 relating vertical displacements of a floating glacier to bending stress and strain at the grounding line, is applied to field measurements made at Jakobshavns Glacier. The extent of cracking (due to flexure) along the grounding line parallel to the north fjord wall is calculated by finding the effective thickness which results in closest agreement between measured displacements of the glacier and vertical displacements as predicted by flexure theory. SURVEY 
RESULTS
The velocity vectors of 10 ice seracs, the approximate position of the calving front, and the north wall of Jakobshavns Fjord are shown in Figure 2 ; velocities are tabulated in Table  1 . Triangulation from the two baselines shown on the north fjord wall was used to fix the positions of these seracs. The seracs were marked with dye dropped from a helicopter, because foot travel on the chaotic glacier surface is not feasible. Figure 2 shows that the velocity profile along the A-E transect of seracs, and also along the 1-4 transect, was nearly constant between the centerline of prominent seracs (dotted line in Figure 2 Changes in the elevations of the seracs rather than absolute elevations were required for tidal flexure analysis, so approximate refraction corrections were not attempted. Significant errors in vertical angle measurements would have been introduced if refraction varied with changes in cloud cover and sun elevation, however, so a marker was placed on the south side of the glacier and sighted during varying weather conditions. Refraction appeared to be consistent throughout the survey. A high ablation rate would also have increased the uncertainty of elevation measurements if the glacier were grounded, but the effect was largely canceled by flotation. Ablation near the margin was found to average ,-,0.1 m/d. If the entire glacier surface were lowered by this amount in 24 hours, flotation would raise the glacier by •0.09 m. The resultant net lowering of 0.01 m/d, or 2.5 x 10 -3 m in 6 hours, is insignificant compared to the tide range in Jakobshavns Fjord. (Basal melt rates were unknown.)
The small, irregular vertical movements of targets A and 1 (Figures 3 and 4) generally do not correlate with the tidal movements shown by other targets along the A-E and 1-4 transects. Seracs A and 1 thus appear to have been grounded.
REPRESENTATION OF GLACIER
An elastic-viscoplastic tidal flexure analysis was applied to the north grounding line of Jakobshavns by approximating the glacier as shown in Figure 5 (2) Tidal bending of the glacier can be correlated with an effective thickness of ice, which acts as an elastic and viscoplastic continuum. The effective thickness can be considered to be the sound-ice thickness between surface and basal cracks at the side grounding line. The sound-ice thickness probably is not constant with increasing distance toward the glacier centerline, but the fiber stress induced by bending (o, in Figure 6 ) attains a sharp maximum at the side grounding line. Thus the bending behavior of the glacier is essentially controlled by its effective thickness there. (3) The grounding zone is narrow enough to be treated as a line because of the steepness of the fjord wall. Our vertical displacement data imply that the grounding line can be approximated as a clamped boundary (not a hinged or free boundary).
FLEXURE WITHIN THE MARGINAL SHEAR ZONE
If ice grains within the marginal shear zone have recrystallized such that basal planes are oriented for easy glide parallel to the fjord wall, those same grains must also be oriented favorably for shear in the vertical direction. The yield stress for ice crystals during basal glide is less by about a factor of 10 than for nonbasal glide [Higashi et al., 1968] , so it is conceivable that the stress imposed by tidal flexure causes ice basal planes to slide parallel to one another in the vertical direction. Almost all deformation might then be in the form of basal glide within the marginal shear zone. Survey targets from B to the glacier centerline (along the A-E transect) could then be expected to rise and fall by the same amount, if the yield stress was attained at all sections simultaneously. Figures 3 and 4 show, however, a trend toward decreasing vertical displacement of seracs as the north fjord wall is approached from the glacier centerline. This indicates that fiber stress parallel to the glacier surface (Ox in Figure 6 ) exerts dominan•t control during tidal flexure and that basal glide resulting from vertical shear (ozx in Figure 6 ) is not large. If ice crystal basal planes are in fact oriented for easy glide parallel to the fjord wall, as suggested by the velocity distribution in Figure 2 , ox is exerted in a hard glide direction. The soft ice zone for horizontal (or vertical) shear is thus a hard glide zone for tidal flexure. Hard glide leads to strain hardening. We therefore use a strain hardening constitutive relationship.
where o is the applied longitudinal stress, e is the resulting strain, c is the reciprocal strain hardening exponent, and o* is a strain rate dependent strength coefiScient.
During viscoplastic yielding tests on ice single crystals pulled in uniaxial tension at constant strain rate and temperature, Higashi et al., [1968] found that at the yield stress o --o0,
where Bo is a hardness parameter, d is a yielding parameter, is the activation energy of self-diffusion, R is the ideal gas constant, T is the absolute temperature, and • is the strain rate. For prismatic (hard) glide, d = 6.5 and Q = 69.1 kJ mole -•.
Equation (2) implies that o* --[Bolgl exp (Q/RT)] '/d eo -1/½= B*IgI exp (Q/dRT) (3)
where eo is the strain corresponding to yield stress Oo and B* --Bo,/d•o-,/½. Hughes [1977] showed that a best fit to the Higashi data is obtained with c ,• 2 in (1), an empirical value of 6.32 MN s •/u for B*, and that for sufficiently small crystal size, singlecrystal yielding data can be used to predict approximate parabolic strain hardening in polycrystalline ice. We assume that parabolic strain hardening is the dominant process during flexure. For tidal flexure, where strain rates are imposed externally by tide changes in the fjord, (1) (with c = 2) is taken to approximate the viscoplastic component of uniaxial strain ex caused by fiber stress Ox ( 
where 2• is given by (9) and o,* = E/(I -!•). Equation (13) is the stress solution applied by Robin [1958] to floating ice shelves and by Holdsworth [1969] to floating ice tongues.
Since the total strain ex has both elastic and viscoplastic components and since elastic s•train is generally observed to continue increasing linearly with stress even after viscoplastic strain has become dominant, Strain ex is taken to be the averag e strain within the ice column caused by tide rise zf, and or* is the average strength coefficient corresponding to ex and ix. Viscoplastic strain ev, at distance H from the neutral axis, is obtained by substituting (13) 
DETERMINATION OF EFFECTIVE THICKNESS
Effective thickness was first calculated by assuming that vertical displacements of the glacier were due entirely to elastic bending. Values were assigned to the known terms in (9), and H was varied until 3, gave the best fit between (10) and measured displacements of the seracs along the A-E transect and also along the 1-4 transect (Figure 2) Table 3 .
The average effective thickness for the A-E transect is 160
q-48 m and for the 1-4 transect is 316 q-74 m. Error limits are the mean difference between the average effective thickness and the extreme values for each transect, as shown in Table 3 . 
COMPARISON OF BENDING EQUATION
Originally, K/DX • was simply assumed to be approximately equal to zf [Lingle, 1978] , and effective thickness was found by adjusting 2H to attain a best fit between (22) and the data. This resulted in somewhat greater values of effective thickness than those reported here, that is, 2H --270 m instead of average 2H --160 m for the A-E tramsect and 2H --370 m instead of average 2H --316 m for the 1-4 tramsect. Figure 3 
compares measured displacements and displacements as calculated from (22) for the A-E tramsect. Figure 4 compares measured and calculated displacements for the 1-4 transect.
The slight mismatch between measured and calculated displacements for E (which was used to define departures from neutral tide; thus calculated and measured displacements should be identical) suggests that this serac was not sufficiently far from the side ground•,..g line to be rising and falling freely with the tide. The discrepancies between measured and calculated displacements increase somewhat with increasing distance from E toward the side grounding line, but in general, agreement is fair. In particular, note that calculated and measured displacements for serac B are similar in magnitude. If substantial vertical glide along basal planes occurred in re- Fig. 8. Deflection curves, calculated from equation (20) , and measured displacements for the 1-4 transect.
placements for serac 4 suggests that this serac was not sufficiently far from the side grounding line to be rising and falling freely with the tide (in addition to being inhibited somewhat by the rear grounding line). The calculated displacements for serac 1 are 0, since serac 1 was defined to represent the side grounding line.
EFFECTIVE SURFACE STRESS VERSUS DISTANCE

FROM SIDE GROUNDING LINE
Effective surface stress, as used here, means fiber stress ox ( Figure 6 ) at a distance of plus or minus half the effective thickness from the neutral axis. Table 4 shows the stress maxima at the side grounding line, as calculated from (13) 
